We are presenting an overview of MEMS-based (Micro-Electro-Mechanical System) optical switch technology starting from the reflective two-dimensional (2D) and three-dimensional (3D) MEMS implementations. To further increase the speed of the MEMS from these devices, the mirror size needs to be reduced. Small mirror size prevents efficient reflection but favors a diffraction-based approach. Two implementations have been demonstrated, one using the Texas Instruments DLP (Digital Light Processing), and the other an LCoS-based (Liquid Crystal on Silicon) SLM (Spatial Light Modulator). These switches demonstrated the benefit of diffraction, by independently achieving high speed, efficiency, and high number of ports. We also demonstrated for the first time that PSK (Phase Shift Keying) modulation format can be used with diffraction-based devices. To be truly effective in diffraction mode, the MEMS pixels should modulate the phase of the incident light. We are presenting our past and current efforts to manufacture a new type of MEMS where the pixels are moving in the vertical direction. The original structure is a 32 × 32 phase modulator array with high contrast grating pixels, and we are introducing a new sub-wavelength linear array capable of a 310 kHz modulation rate.
Introduction
Optical switching offers several benefits over electronic switching in data communication applications. In data center, long-haul, and metro communications, the signal is already travelling through optical fiber and significant energy savings can be achieved by having the signal remain in the optical domain rather than undergoing an optical-to-electrical-to-optical (OEO) conversion cycle. Skipping the OEO conversion also reduces the latency time as the information is redirected literally at the speed of light. Finally, most of the optical switch technologies are rate and protocol agnostic, which makes them extensible for the next several generations of transceivers and modulation formats.
Several devices have been proposed for optical switching, each based on different physical phenomena. Researchers have investigated acousto-optics modulators, electro-optics interferometers, thermo-optics devices, nonlinear photonics circuits, and semi-conductor optical amplifiers as possible candidates for optical switching [1, 2] . While these approaches are active research areas, these technologies have so far had a difficulty finding a commercial application due mainly to the high energy required to perform the switching operation, either due to the electrical or the optical power required.
Energy consumption (typically measured in pJ/bit) is an extremely important criterion for the adoption of new data communication technology. Worldwide Internet traffic is forecasted to continue its exponential growth, doubling every 18 months until at least 2020 [3] . The dramatic increase in traffic has driven many content providers to increase both the number and size of data centers to meet the demand for instant access to information. Major content providers are adding new data centers every 6 months with each data center covering many acres, consuming more than 100 MW of electricity and responsible for releasing tons of CO 2 emissions [4] . In 2006, servers and data centers were estimated to consume 1.5% of the electricity in the USA (61 billion kWh), doubling from the year 2000. By 2014, data centers were consuming 5% of the entire United States' electrical energy production. The projected demand for electricity from US data centers alone will reach 400 TWhr by 2020 [5] . The problem may be even more acute than it appears due to the predicted demise of Moore's law which enabled the new generation of microchips to be more energy efficient per bit than the previous generation [6] .
The current state-of-the-art optical switching technology is based on micro-electro-mechanical systems (MEMSs) where an array of micro mirrors is oriented to reflect the incident light toward specific output ports [7] [8] [9] . The first generation of these MEMSs was designed so the light is propagating along the plane of the devices, e.g., west-east. When a mirror initially laying flat on the surface was raised up, it intercepted the beam and reflected it at 90 • in the north-south direction. Since the layout of this switch was within a plane, this configuration was named two-dimensional (2D) MEMS. A schematic representation is presented in Figure 1 . The binary orientation of the mobile mirrors, flat or raised, simplified the electronic control. However, to obtain a strictly non-blocking switch with such an architecture, N 2 number of mirrors are needed, with N being the number of accessible ports [10] . This quadratic increase of the number of active mirrors limited its adoption for large numbers of ports. The second generation of MEMS switches takes advantage of reflection away from the plane of the device. Dubbed three-dimensional (3D) MEMSs, they are composed of micro mirrors lying in the plane of the substrate and mounted on a gimbaled support. The orientation of the mirrors can be continuously adjusted over a range of tip and tilt angles so the reflection of the incoming light is directed to a specific output port. To minimize the overall system losses, it is critical to ensure that the reflected light is within the acceptance angle of the fiber at the output port requiring that the 3D MEMSs are used in pairs. The first 3D MEMS reflects the light at an angle toward the second unit, which corrects that angle to align the beam orthogonal to the output port fiber. A schematic representation of this configuration is presented in Figure 2 . Although the control electronic of such an analog MEMS is more complex than for a digital system, the advantage of that configuration is that a non-blocking configuration for N ports can be obtained with only 2N mirrors. This allows for building a switch with a much larger number of ports [11, 12] .
The speed at which the mirrors can be repositioned in a reflection-based optical switch is in the order of a few milliseconds. This speed depends on the mirror mass m: the larger the mirror, the more time it takes to re-orient it. This can be understood by comparing the mirror to an harmonic oscillator whose frequency ω is given by ω ∝ √ k/m, with k the spring constant. In this configuration, the mass of the mirror is proportional to its area which is dictated by the beam diameter. The 3D MEMS mirrors have a diameter of about 500 microns. Smaller beam diameter and mirror sizes could be achieved with faster optics (shorter focal length), but that requires larger angular amplitude from the mirror. In these conditions, the hinge mechanism is subject to higher mechanical stress and has an increased failure rate. In the 3D MEMS design, the system imposes a trade-off between the mirror's angular amplitude and its mass, which translates into a trade-off between the number of ports accessible by the switch and its reconfiguration speed [13] . It is worth noting that the mirror size is also limited by the energy density of the beam, and the damage threshold of the mirror coating.
Breaking the millisecond reconfiguration speed limit requires the introduction of another paradigm: instead of using reflection from a mirror, it is possible to use diffraction from several elements.
Diffraction-Based Optical Switching
To reduce the MEMS mirror weight, the size needs to decrease. However, with tens of microns or less in diameter, using the mirrors as reflectors becomes inefficient. First, the power density is too large, and second, the scattering from the edges of the mirror induces loss. One solution is to distribute the incident beam over several mirrors, and take advantage of the diffraction by using a computer generated hologram. In this embodiment, the MEMS device does not need to have mirrors that change orientation as is the case for 3D MEMS, but pixels that modulate either the amplitude or the phase of the incident beam.
The diffraction patterns are computed using a Fraunhofer diffraction integral Equation (1) and a Gerchberg-Saxton type iterative algorithm [14] E
Example of diffraction patterns are presented in Figure 3 . If the diffraction pattern is a grating with frequency Λ, the beam is diffracted at an angle θ d given by the grating equation:
where θ i is the angle of incidence of the beam, m the order of diffraction, λ is the wavelength of the light. In this approach, changing the output port of the switch can be done by changing the spatial frequency of the grating displayed by the Spatial Light Modulator (SLM). A decomposition of all possible gratings that could be displayed by the SLM into its Fourier components demonstrates that there could be as many output ports as the number of pixels on the SLM.
If more than one input port is needed for the switch, the clear aperture of the SLM can be divided into several sub-apertures, each diffracting the beam coming from a different input port. It has to be noted that in the case of a volume hologram, angular multiplexing can be used to diffract multiple inputs to multiple outputs without crosstalk. However, this type of thick volume hologram cannot yet be realized with the SLM. By using diffraction instead of reflection, other optical functions can be added to the SLM. Examples of such functions are focalization by a Fresnel or Gabor zone plate, aberration correction for coma or astigmatism due to the off-axis diffraction of the beam, variation of the focal length to accommodate a curved focal plane. Another advantage of a diffraction-based optical switch is the possibility for multicasting and signal aggregation. Multicasting happens when the signal from a single input port is distributed over multiple output ports, and aggregation happens when the signal from multiple input ports is combined to a single output port.
To demonstrate the potential of an holographic-based optical switch, we used a Texas Instruments DLP (Digital Light Processing) in our initial prototype [15, 16] . The DLP is a MEMS where the mirrors can be tilted in two different directions. In the most popular versions (0.7 XGA (Extended Graphics Array), and 0.95 1080p) the direction of the tilt is ±12 • . With such a binary mirror operation, the DLP cannot modulate the phase of the light, but it is capable of displaying binary amplitude diffraction patterns that are capable of redirecting the beam. For binary amplitude modulation, scalar theory of diffraction shows that the maximum diffraction efficiency that can be achieved is 10% [14] . However, the advantage of using the DLP is that it updates the diffraction pattern at rates of up to 32,552 Hz.
We measured the loss-of-light time for the DLP Discovery 4100 Chipset. The loss-of-light time is defined as the interval during which the communication is interrupted between the emitter and receptor due to the reconfiguration of the mirror. As presented in Figure 4 , the loss-of-light time is only 7 µs before the signal is reacquired, and could further be reduced to 4.5 µs if −2 dB loss is acceptable by the communication link.
The fast reconfiguration time has several advantages for next generation data center architectures. In their implementation, Ghobadi et al. [17] used the diffractive switch technology to interconnect every pair of racks and developed a specific topology and routing methods to exploit the capabilities of the switch. In their experiments and simulations using realistic data center workloads, they showed that, compared to the conventional folded-Clos interconnect, this approach can improve mean flow completion time by 30-95% and reduce the capital cost by 25-40%.
In another prototype of the holographic switch, we replaced the DLP element by an LCoS (Liquid Crystal on Silicon) SLM (Holoeye PLUTO-TELCO-013). The goal of using an LCoS instead of a DLP is that the LCoS SLM can achieve a much higher diffraction efficiency. Figure 5 shows the computation for the diffraction efficiency according to the type of modulation forming the hologram. We can see that square wave transmission holograms, which are the type reproduced by the DLP, can only achieve 10.1%. The other 89.9% of the signal is lost in other diffracted orders. LCoS SLMs are capable of generating phase modulation holograms which can achieve up to 100% diffraction efficiency for a sawtooth function. However, the driver electronics in the LCoS system are not designed to represent a continuous function but a discrete set of values, most frequently 8 bits, or 256 phase value. In this case, the efficiency η according to the number of levels N is given by:
Equation (3) is presented in the right panel of Figure 5 , starting at 40.5% for a binary square phase pattern (identical to the value computed in the left panel), and increasing asymptotically toward 100% as the number of levels increases toward infinity. In practice, an LCoS device will also suffer additional losses due to the reflectivity of the mirrors, and fill factor.
If efficiency is the main advantage of LCoS technology, its main limitation is the reconfiguration speed. Due to the viscoelastic coefficient of the liquid crystal, the maximum refresh rate is only a few hundred hertz (180 Hz in case of the Holoeye PLUTO). This slow refresh rate, compared to the tens of kHz achieved by the DLP, limits the switch reconfiguration time in the millisecond regime, and does not provide a competitive advantage over the 3D MEMS.
It has to be pointed out that research is still ongoing to increase the speed of LCoS SLM. A 100 µs refresh rate can be obtained with ferroelectrics liquid crystals but they offer only binary phase modulation at this speed [18] . Blue phase chiral nematic liquid crystal can be driven at kHz frequency but only achieve 2π modulation at relatively high voltage (tens of volts), and this phase is only stable over a small temperature range [19] . Some devices exploiting the flexoelectric-optic effect in chiral nematic liquid crystal has shown sub-millisecond response time [20] . Unfortunately, no reliable sub-millisecond LCoS SLM is commercially available at this time.
Nevertheless, to demonstrate the potential of holographic switching, we used an LCoS SLM to confirm the benefit of a phase modulator over amplitude modulator. Using the LCoS SLM, we built a prototype to showcase two important aspects of a diffraction-based optical switch: the ability to access a large number of ports, and the compatibility of the switch with industry standard phase shift keying for the signal modulation.
As discussed in an earlier section, the number of individual locations potentially addressable with an SLM using a diffraction grating is identical to the number of pixels. However, this conclusion is using the Rayleigh criterion with −3 dB cross talk between the points in the hologram plane. For telecommunication applications, crosstalk between ports must be less than −33 dB to minimize the introduction of unwanted noise in future amplification steps. For a fiber-based diffraction switch, the signal injected to a neighbor port depends on the spatial extent of the signal over that port, and the insertion loss due to the fiber acceptance angle. To reduce the spatial extent of the diffracted beam to a minimum, we used a blazed zone plate lens pattern, as presented in Figure 3d , to diffract the incident beam. This has the advantage of maximizing the efficiency in the +1 order, and generates a diffraction limited spot at the location of the output fiber. By shifting the zone plate on the SLM, the diffracted beam is shifted by the same amount in the hologram plane (in a 2f configuration). The minimum amount of lateral displacement between locations is of course 1 pixel, which in our case was 8 µm. However, with only 8 µm separation between neighboring locations, the crosstalk was above −33 dB, and single mode fibers could not be packed that closely. Measurement showed that output ports need to be separated by at least 100 µm (13 pixels) to reduce the crosstalk below −33 dB. This measurement has an important implication for the number of ports accessible with a single SLM. Considering a 1080p pixel count, the number of output ports is 1920 × 1080/(13) 2 = 12, 270. Using 4K cinema resolution, the number of output ports climbs up to over 52,000.
Modern telecommunications networks are increasingly employing signal modulation techniques to increase transmission bandwidths. For the diffraction switch to be adopted, it must be compatible with the phase shift keying (PSK) common modulation technique. The PSK technique relies on phase delay of the wave modulation, but the diffraction switch is also modifying the phase of the incoming light beam. The LCoS SLM can modify the phase by a maximum of 2π, as shown in the top panel of Figure 6 . However, the difference in path length due to the propagation from different regions of the SLM induces further phase shift. At the output port location, the beams coming from different location on the SLM have the same relative phase, however they experience an absolute phase shift of a multiple of 2π as shown in Figure 6b .
Fortunately, the light frequency and the signal modulation frequency are different enough to allow for the introduction of some phase shift by the holographic switch. For λ = 1550 nm (central C band wavelength), the light frequency is ν l = 193 THz, when a signal modulation at e.g., 25 Gbaud/s has a frequency of ν s = 25 GHz. The ratio between these two frequencies gives the number of light periods between two symbols: ν l /ν s = 7720. If the diffraction switch introduces less than this number of 2π shifts, there will be a region where a stable signal can be detected. The exact amplitude of phase shift accepted by the transmission line depends of the exact configuration of the line and should be measured for a specific configuration to determine the bit error rate at an increasing modulation rate. We tested our LCoS-based optical switch with a QPSK (Quadrature Phase Shift Keying) signal and examined the clustering of the demodulated signal with and without the switch in the transmission line. The constellation diagrams for both x and y incident polarizations are presented in Figure 7 . No signal degradation was observed for the diffraction by a zone plate containing up to 600 rings, i.e., 600 2π phase shift. 
Phase Modulation MEMS
In the previous section, we explained how we used the Texas Instruments DLP to demonstrate the concept of holographic optical switches, and why the diffraction efficiency was limited to 10% due to the amplitude modulation of the light field. We also describe how low loss switching can be achieved with phase modulator array such as LCoS. However, LCoS have a slow response time (∼milliseconds) due to the viscoelasticity of the medium.
The answer to both these problems would be a MEMS-based SLM array with pure phase modulation. The individual pixels of this system would be based on micro-reflectors as in the case of the DLP, but instead of modulating the amplitude of the incident light, they would affect the phase, as in the case of the LCoS. By merging these two elements, the phase modulation MEMS offers both high diffraction efficiency (see Figure 5 ), and fast switching time (∼ microsecond). It also has the added benefit of a sharper phase transition than LCoS because there is no voltage leakage between the pixels.
Recently, we have reported a new spatial light phase modulator array with MEMS piston mirrors [21] . Phase modulation is achieved by electrostatically pulling down the mirrors by a fraction of the wavelength (from 0 to π), which affects the beam path length (from 0 to 2π). A schematic representation the cross section of this system is presented in Figure 8a .
To reduce the mirror mass and increase the actuation speed, we used a novel high-contrast grating (HCG) [22] . The HCG mirrors consist of a thin layer of silicon (∼300 nm) structured with beam and void to form a sub-wavelength grating as presented in Figure 8b . These pixels have a high reflectivity over a broad optical frequency band (from 1300 nm to 2300 nm in our example), which is not the case for the distributed Bragg reflector. We have demonstrated 32 × 32 phase modulator array with a pitch of 22 µm. This array is capable of optical beam steering from −2 • to +2 • with microsecond response time. To increase the steering angle, the pixel size and the pitch of the array need to be further reduced. Indeed, the maximum scan angle θ is related to the pitch of the phase structure Λ by the Bragg's equation:
where λ is the optical wavelength. However, reducing the pixel and array pitch size puts significant constraints on the actuation mechanism and a different approach is needed. In our latest phase MEMS embodiment presented in Figure 9 , we used a staggered vertical combdrive (SVC) actuator with submicrometer fingers and spacing (300 nm). The combdrive actuator has been chosen for its large interaction length with the stator which increases the pulling force [23] . Compared with other actuator designs such as parallel plate [24] , the SVC design minimizes the fringe effects of the electrical fields during actuation, and therefore allows for denser arrangement of the pixels in parallel without significant crosstalk. Thus, the SVC hidden underneath the mirror can increase the fill factor of the array. Top and bottom parts of the column are used as springs to ensure adequate flexibility and travel of the element. The central part of the column is coated with metal to act as a high reflective mirror. This column configuration bears a few similarities with the grating light valve developed in the 1990s at Stanford University [25] . However, in our case, the height of the reflector elements can be modulated to various levels. This added capability allows for higher diffraction efficiency and the selection of the diffraction angle, which was not possible with the binary light valve.
We were able to fabricate a one-dimensional (1-D) phase modulator array with a pitch of only 2.4 µm [26] . This array is capable of steering light over 38 • at 1550 nm wavelength, which is 10 times larger than with the square pixels configuration presented in Figure 8 . The mirrors of the array are tethered to the anchors through a pair of springs. Each mirror is 2.1 µm wide and 30 µm long, and the pitch is 2.4 µm, resulting in a 87.5% fill-factor. The mirrors and the top combs are grounded while the bottom combs are individually addressed to produce the desired phase profiles such as a highly efficient blazed grating (see Figure 5 ). The measured resonant frequency of this MEMS is 310 kHz, which corresponds to a switching time of a few microseconds. Compared with LCoS and binary MEMS devices such as the DLP, this new MEMS benefits from a fast response time (microseconds), a large field of view (tens of degrees), and low loss (−1.4 dB, including fill factor and reflection losses). It is also wavelength-, polarization-and modulation-agnostic. All these properties make the piston mode MEMS array an attractive choice for optical switch applications.
Conclusions
Optical switch can play an important role in data communication by replacing electronic circuit switching, reducing the energy consumption of data centers, and be agnostic to both the data rate and modulation format. For this transformation to truly happen, the switching speed of the current 3D MEMS technology needs to be increased to at least the µs range. A potential solution is to reduce the size of the micro mirrors, and use the MEMS as a diffractive element. For this configuration to be efficient, the MEMS element should modulate the phase of the light. Three critical steps in this direction have been demonstrated so far: first, the use of the Texas Instruments DLP to prove the concept of diffractive switching and assess the switching speed; second, the use of LCoS SLM technology to determine the ability of the phase optical switch to meet existing telecommunication infrastructure requirements for efficiency, cross talk, and encoding format support; and third, the development of prototypes of optical phase array MEMS to establish the architecture.
All the experimental measurements so far have demonstrated that the diffraction-based phase modulation MEMS approach is a viable solution for high speed, low loss, and low power consumption optical switching.
